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Circadian rhythms in mammals are generated by the cyclic expression of several clock genes in 
the central pacemaker of the brain, the suprachiasmatic nucleus. The rhythmic expression of the 
genes is maintained by multiple transcriptional-translational feedback loops in addition to the 
posttranslational regulation. In the SCN, nocturnal transcription of one of the key clock genes, 
Bmal1, is induced and repressed by RORs and REV-ERBs, respectively. The expressions of 
RORs and REV-ERBs are known to be simultaneously induced by CLOCK-BMAL1 and 
repressed by PERs-CRYs. Assuming the synchronous transcriptional oscillation of Rors and Rev-
erbs, the posttranscriptional regulation of each gene is inevitably essential to amplify the Bmal1 
transcriptional cycling.  
To elucidate the posttranslational regulation of Rev-erbs, I identified two novel mechanisms. First, 
I found that the highly homologous N-terminal regions of REV-ERBs determined both their own 
hyper-phosphorylation catalyzed by CK1ε and the cytoplasmic accumulation of each hyper-
phosphorylated form. Of the homologous N-terminal regions, three serine rich clusters in REV-
ERBβ are required for the phosphorylation and cytoplasmic localization. Second, AhRR-ANRT2 
induced Bmal1 transcription thorough potentiating the specific degradation of REV-ERBs. Indeed, 
a mouse cell line deficient in Ahrr exhibited a shorter period in Bmal1::luc transcription than wild 
type. As both mechanisms should activate Bmal1 transcription. These mechanisms should 
contribute to creating the phase difference between the function of RORs and REV-ERBs for the 




Circadian rhythms are generated by the cyclic expression of several clock genes in mammals. The 
rhythmic expression of the genes is maintained by multiple transcriptional-translational feedback 
loops in addition to the post-translational regulation of the clock proteins. Transcription of one of 
the key clock genes, Bmal1, which shows a nocturnal transcriptional rhythm in the mouse 
suprachiasmatic nucleus of the brain, is induced and repressed by RORs and REV-ERBs, 
respectively. However, since expression of both Rors and Rev-erbs is controlled by CLOCK-
BAML1 complex, the molecular dynamics how they regulate Bmal1 transcriptional rhythms 
remains unclear.  
In fact, various protein kinases have been reported to regulate the RORs and REV-ERBs activities. 
For example, PKCs phosphorylate RORα and thereby inhibit its activity. On the contrary, the 
stability of REV-ERBα is modulated by protein kinases such as GSK-3β and CDK1. Although 
these posttranscriptional regulations would modify both the activities and stabilities of RORs and 
REV-ERBs, their functions in the determination of Bmal1 transcriptional oscillation are still 
unclear. 
To investigate the regulatory mechanism of Bmal1 transcription further, I analyzed the 
posttranslational regulation of Rev-erbs and identified two novel mechanisms. First, I found that 
intracellular localization of REV-ERBs was determined by CK1ε-catalyzed phosphorylation. 
Second, AhRR-ANRT2, known as the repressor of xenobiotic response elements, induced ROR 




1. Phosphorylation of N-terminal regions of REV-ERBs regulates their intracellular 
localization 
To find the post-translational regulation of RORs and REV-ERBs, the modifications of RORα, 
REV-ERBα, and REV-ERBβ were visualized by the mobility shifts of these proteins on SDS 
polyacrylamide gel electrophoresis. Transfection of Flag-Rorα in HEK293T cells produced a 
single band with the molecular weight of approximately 60 kDa (Figure 1A), indicating no 
detectable modification of RORα with a mobility difference. Whereas Flag-Rev-erbα expressed 
multiple proteins with various molecular weights (72 - 85 kDa), Flag-Rev-erbβ expressed only 
two discrete bands (65 and 69 kDa) (Figure 1A). Lambda phosphatase treatment revealed that 
each of the multiple REV-ERBα and REV-ERBβ bands converged on single bands with 72 kDa 
and 65 kDa, respectively (Figure 1B), indicating that most of the detectable increase in those of 
REV-ERBs could be explained by multiple phosphorylation of each protein. Moreover, the 
phosphorylation by CK1e yielded only a product of approximately 69 kDa (Figures 1C), 
suggesting that CK1e is one of the endogenous protein kinases that functions in REV-ERBb’s 
cytoplasmic localization. 
To determine the effect of these multiple phosphorylation on REV-ERBs, the subcellular 
localization of REV-ERBs was investigated using a cell fractionation method. Surprisingly, most 
of the hyper-phosphorylated forms of REV-ERBα localized in cytoplasm whereas hypo-
phosphorylated and un-phosphorylated REV-ERBα localized in both cytoplasm and nucleus 
(Figure 1D; left). As with REV-ERBα, more than 90 % of hyper-phosphorylated REV-ERBβ 
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localized in cytoplasm, and un-phosphorylated REV-ERBβ was distributed almost equally in both 
cytoplasm and nucleus (Figure 1D; right). Hence, our results suggest that the restricted nuclear 
transport of hyper-phosphorylated REV-ERBs determines these cytoplasmic accumulations. 
Next, phosphorylation of REV-ERBs required for the cytoplasmic accumulation was investigated 
with the introduction of amino acid mutations into the protein. Because the N-terminal regions of 
REV-ERBs contain the stretches of serine residue and were highly homologous, we first 
constructed a mutant protein deleted in 2-69 amino acid residue of REV-ERBα. Compared with 
wild type, this mutant shows dramatically reduced number of phosphorylated products and lost 
an activity to accumulate in the cytoplasm through hyper-phosphorylation (Figure 1E). As similar, 
a deletion of 13-47 amino acid residue in REV-ERBβ deprived both the hyper-phosphorylation 
and cytoplasmic accumulation (Figure 1F). As the experiments described above strongly pointed 
out a tight linkage between the hyper-phosphorylation and the cytoplasmic accumulation of REV-
ERBs, all serine residues in the N-terminus of REV-ERBβ were substituted for aspartic acid 
residues. The mutant protein never accepted hyper-phosphorylation, nonetheless, more than 70 % 
of the mutant protein accumulated in the cytoplasm, showing a slight difference between the 
cytoplasmic accumulation of the hyper-phosphorylated form of wild type REV-ERBβ (Figure 
1F). The result coincided with a hypothesis that cytoplasmic localization of REV-ERBs was 
facilitated by making charge of its N-terminus negative. In conclusion, these results indicated that 
the major modification of REV-ERBs are phosphorylation in these N-terminals and this 
phosphorylation determine these cytosolic localizations.  
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2. Transcription repressor complex AhRR-ARNT2 induces the transcription of Bmal1 
through specific degradation of REV-ERBs 
For further functional analysis of the Bmal1 promoter, the promoter analysis of Bmal1 promotor 
was performed using the TRANSFAC program. We observed the two XREs which was well 
observed in xenobiotic responsible genes’ promoter and bound by transcription activator complex 
AhR-ARNT and repressor complex AhRR-ARNT2. To investigate the effect of these complexes 
on Bmal1 transcription, I constructed a Bmal1::luc reporter gene, which covered three ROREs 
and two XREs. Then the transcriptional activity of the reporter was quantitated with or without 
Ahr, Ahrr, and Arnt2 in HEK 293T cells. Astonishingly, coexpression of Ahrr and Arnt2 resulted 
in 8.5-folds transactivation of the Bmal1::luc gene in spite of the existence of two XREs in the 
Bmal1 promoter(Figure 2A). On the other hand, coexpression of Ahr neither induced nor 
repressed the Ahrr and Arnt2 dependent induction of the Bmal1 (Figure 2A). The AhRR-ARNT2 
dependent, but AhR-ARNT2 independent induction of Bmal1 prompted me to examine whether 
XRE or other sequences in the promoter is necessary for the induction. RORα or AhRR-ANRT2 
rendered almost similar levels of induction to the Bmal1::luc reporter (Figure 2B, Left). No 
impairment in the induction was detected with a reporter eliminating both an upstream RORE and 
two XREs from the Bmal1 promoter (ΔUpstream), indicating that the region was not necessary 
for the induction by RORα or AhRR-ANRT2 (Figure 2B, Middle). In contrast, neither RORα nor 
AhRR-ANRT2 activated the transcription of a reporter lacking two ROREs adjacent to the Bmal1 
transcriptional start site in ΔUpstream, despite that AhRR-ANRT2 was not known to interact with 
DNA sequences other than XRE (Figure 2B, Right). In addition to the fact that AhRR-ARNT2 
 7 
dose not bind to RORE, these results suggest that the AhRR-ARNT2 dependent induction should 
be mediated by the activation of RORs and/or inhibition of REV-ERBs activities. 
The expression levels of RORs and REV-ERBs with or without AhRR-ARNT2 were estimated 
using a western blot analysis. Indeed, coexpression of AhRR-ARNT2 with REV-ERBα or REV-
ERBβ in HEK293T cells dramatically diminished these two proteins’ expression, without the 
significant effect on the RORα levels (Figure 2C). Of note, AhRR-ARNT2 reduced the half-lives 
of both REV-ERBα and REV-ERBβ (Figure 2D). Moreover, AhRR-ARNT2 dependent 
degradation of REV-ERBα or REV-ERBβ were dramatically inhibited by a proteasome inhibitor, 
MG132, but not by a lysosomal protease inhibitor, E-64 (Figure 2E). While the precise 
mechanism was uncovered, I concluded that AhRR-ARNT2 specifically promoted the ubiquitin-
proteasome dependent proteolysis of both REV-ERBα and REV-ERBβ, thereby relieving Bmal1 
repression by REV-ERBs. 
Finally, the function of the Ahrr gene in the cellular circadian rhythms was validated using Ahrr-
mutagenized NIH3T3 cells by CRUSPR-Cas9 system. A comparison between bioluminescence 
from the wild-type and Ahrr deficient NIH3T3 cells transfected with the Bmal1::luc reporter 
revealed that the Ahrr-/- mutant cell line displayed 1.5 hr shorter circadian period than wild-type 
cells. (Figure 2F). This observation proved that Ahrr is crucial to keep the appropriate periods of 
cellular circadian clocks. In addition, there must be a possible underlining mechanism that 
coordinate the optimal timing of REV-ERBs’ degradation by AhRR-ARNT2, thereby ensuring 





Regulation of Bmal1 expression is critical for the mammalian circadian rhythms, as no obvious 
behavioral rhythms were detected in Bmal1 knockout mice. A nocturnal transcriptional rhythm 
of Bmal1 in the SCN of the mouse brain is regulated by RORs and REV-ERBs, and all factors 
influencing the dynamics of RORs and REV-ERBs must be important for the functions of 
circadian rhythms. Although no evidence was found in RORs’ modification, we demonstrated 
that the multiple phosphorylation of the REV-ERBs N-terminals of determined their cytoplasmic 
accumulation. In addition, this phosphorylation can be catalyzed by CK1ε in vivo. CK1ε are 
special protein kinases in the mammalian circadian clock system with well-known substrates of 
PERs, CRYs, CLOCK and BMAL1, and a mis-sense mutation in the hamster gene caused a 
shorter free-running period than that in the wild type. Future experiments that clarify a kinetic 
relationship between the subcellular localizations and N-terminal phosphorylation of REV-ERBs 
are essential to determine their functions in regulating circadian rhythm. 
In addition, we demonstrate that the transcriptional repressor AhRR-ARNT2 induces RORE 
dependent Bmal1 transcription thorough specific proteasomal degradation of REV-ERBs. 
Moreover, I presented genetic evidences which prove Ahrr plays a critical role for the 
specification of the circadian period. One of the most important findings from this study is that 
AhRR-ARNT2 functions to maintain an optimal circadian period thorough activating the specific 
degradation of REV-ERBs. Clarification of the precise molecular pathway that leads to the 
degradation of REV-ERBs by AhRR-ARNT2 should provide further insights into a general 





Figure 1. Phosphorylation of N-terminal regions of REV-ERBs regulates their intracellular 
localization 
(A) FLAG-RORa, FLAG-REV-REBa or FLAG-REV-ERBb expressed in HEK293T cells were 
subjected for Western blotting. (B) λphosphatase treatment of FLAG-REV-ERBα and FLAG-REV-
ERBβ extracted in HEK293T cells. (C) FLAG-REV-ERBb expressed with or without CK1e in 
NIH3T3 cells was subjected to Western blotting. (D), (E), (F) intracellular localization of REV-ERBα 


























































Figure 2. AhRR-ARNT2 induces the transcription of Bmal1 through specific degradation of 
REV-ERBs 
(A) The reporter activities of Bmal1::luc in the presence of AhR, AhRR, and ARNT2 were assayed. 
(B) The reporter activities of the two deletion mutants in the presence of RORα or AhRR-ARNT2 
were assayed. (C) FLAG-RORα, FLAG-REV-ERBα or FLAG-REV-ERBα were transiently 
coexpressed with or without AhRR-ARNT2 in HEK293T cells and analyzed by western blot analysis.  
(D) HEK293T cells transiently coexpressing FLAG-RORα, FLAG-REV-ERBα or FLAG-REV-ERBβ 
with or without AhRR-ARNT2 were treated with 0.5 mM CHX at 48 hr after transfection, sampled at 
indicated time points after the treatment, and the stabilities were estimated by western blot analysis. 
(E) NIH3T3 cells transiently coexpressing FLAG-REV-ERBα or FLAG-REV-ERBβ with or without 
AhRR-ARNT2 were treated with 10 µM MG132 or 50 µM E-64 for 6 hr before the extraction of 
proteins, and the stabilities were determined by western blot analysis. (F) Bioluminescence from wild 
type or an Ahrr deficient cell line transiently expressing Bmal1::luc was continuously measured by 
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